cost of the small detector field-of-view (FOV). Figure l(b) shows the cross-sectional view of the collimator. The two segments shown in the figure have a common volume-ofview (CVOV) indicated by the shaded volume. For a specific imaging task, the region-of-interest (ROI) should be located within the CVOV. The high sensitivity and small FOV of the RMSSH collimator ensure that it can be applied in dedicated SPECT systems for imaging small organs, such as breast, cardiac, and brain imaging. In this paper, an RMSSH SPECT system for breast imaging is investigated through a simulation study.
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Abstract-This work applies a previously developed analytical algorithm to the reconstruction in a rotating multi-segment slanthole (RMSSH) SPECT system. The RMSSH SPECT data of a digital NCAT phantom with breast attachment are modeled as the uniformly attenuated Radon transform of the activity distribution. These data are reconstructed using an analytical algorithm called the DBH method, which is an acronym for the procedure of differentiation and backprojection followed by a finite weighted Hilbert transform. The projection data are first differentiated along a specific direction and then backprojected to the image space. The result from the first step is equal to a one-dimensional finite weighted Hilbert transform of the object; this transform is then numerically inverted to obtain the reconstructed image. With the limited common volume-of-view (CVOV) of the RMSSH collimator, the detector captures gamma photon emissions from the breast and from parts of the torso. A conventional filtered backprojection algorithm only reconstructs the high frequency components of the activity function. The DBH method is capable of exactly reconstructing the activity within a well defined region-of-interest (ROI) within the breast. Quantitative accuracy is shown in this ROI from the simulation results.
Index Terms-rotating slant-hole SPECT, attenuation correction, truncation 
I. INTRODUCTION
The SPECT system with a rotating multi-segment slant-hole (RMSSH) collimator has been studied for some time [1 ] - [8] . The slant hole collimator is a variation of the parallel-hole collimator. For instance, the quadrant slant-hole collimator in Fig. l(a) has four sets of angled parallel-holes, with slant angle a indicated in Fig. 1(b) . The detector is usually stopped at multiple positions around the patient to accomplish a scan. At each position, the collimator rotates around its central axis and detects photon emissions from four different directions simultaneously. This leads to a sensitivity improvement 4 cos Early development and application of RMSSH SPECT is reviewed in [1] . Recent interest in RMSSH imaging has been shown in cardiac [2] and breast imaging [3] , [4] . Reconstruction algorithms for RMSSH SPECT have also been developed [5] - [8] for the case in which a complete tomographic data set is acquired. The concept of completeness is understood if the projections are sampled such that Orlov's condition is satisfied [9] . In [5] and [6] , the emission region was assumed to be located in a vicinity of uniform attenuation. Then, unmeasured projections were synthesized from measured data so that a two-dimensional reconstruction algorithm could be used to compensate for the uniform attenuation. Xu et ale presented an iterative algorithm in [7] to correct the non-uniform attenuation effect in breast imaging. Recently, Xu and Tsui [8] derived an analytical method for RMSSH SPECT breast imaging based on a two-step procedure with differentiation backprojection (DBP) followed by a Hilbert transform. The algorithm was II. METHODS The exponential Radon transform [12] is used to model the SPECT data in breast imaging. Then a two-step reconstruction method is performed to reconstruct the data.
based on developments in CT reconstruction. Although it was unable to correct attenuation for gamma photon emissions, the algorithm was able to reconstruct the ROI from truncated projections in certain situations, such as breast imaging. With proper arrangement of the acquisition system, activity in the breast can be exactly reconstructed even when emissions are recorded from the breast, the heart, and the liver. In this paper, a two-step algorithm, which was developed in [10] and [11] , is applied to a complete RMSSH SPECT data set to reconstruct the activity in the breast with uniform attenuation correction. The algorithm has similar performance as that in [8] except that uniform attenuation can be compensated for in the presented algorithm.
The rest of the paper is organized as follows: Section II explains the principle of how the reconstruction is performed, Section III presents the simulation result, and Section IV concludes the paper.
A. Exponential Radon Transform
The radioactive distribution is denoted by the function f (x)
A planar detector is utilized to record the emission events. In this mathematical model the detector plane is assumed to be perpendicular to the projections and lie at the center of the field, as in Fig. 2 . The emission ray is assumed to be along the direction if = if('P, ()), which has the azimuth angle r.p and the zenith angle (). The projection is the exponential Radon transform of the activity (1) where the coordinates (u, v) define the two-dimensional (2D) projection plane and J-L is the linear attenuation coefficient assumed to be known a priori and a constant throughout the object. The unit directional vectors in (1) are defined as: (2) where \7 is the gradient operator. For a ray passing through
x, the differentiation is ag
The relation 
{h The activity function f (x) can be exactly reconstructed if a complete tomographic set of projection data g(u, v, il) is available. Using Orlov's condition [9] , to acquire a complete tomographic projection set, the RMSSH detector head should stop at 1r /(2a) positions equally spaced on an arc of 1r -2a.
The RMSSH SPECT system for breast imaging is shown in Fig. I(a) for slant angle a = 1r /6. The detector stops at three positions to acquire data. At each position, the collimator rotates such that the trace of projection directions draws a halfcircle arc on the unit sphere. These arcs are shown as solid lines in Fig. 3 and are denoted by 0 1 , {h, and n3, respectively.
The measured data are modified to form the data set in (1) where the detector is artificially located at the center of the ROJ. The modification requires the edge of the attenuation map to be known and a proper coordinate system to be set up. For instance, the Cartesian coordinates for 02 are shown in Fig. 3 . While for fh (or 0 3 ), the coordinates x'y'z' should be such that x' = x and y' -z' plane is obtained by rotating Fig. l(a) has projection directions constituting three arcs fh, fh, and 0 3 shown in solid lines. 4 
Accordingly, (4) (the DBP of data measured at the second camera position) is
The equation shows that the DBP is the difference of the image blurred along two directions. These two directions are determined by the two ends of the trajectory (i.e., 02) of the projection directions. The DBP for the first camera position and the third camera position can be similarly obtained, although the coordinate system should be rotated so that the z-axis aligns with the self-rotating axis of the detector. The
Direction V1 is the starting point of 0 1 in the unit sphere. Directions ' U2 is the ending point of 0 3 in the unit sphere.
With the system configuration in Fig. 1(a) , the two directions fl l and V2 are opposite to and along the y-axis, respectively, i.e., ih = -71 2 and V2 = (0,1,0). The sum of all three DBP's
7ry The DBP of the projection data is then a one-dimensional (lD) convolution of the activity function with a hyperbolic cosineweighted Hilbert kernel along the y-axis. The image can be reconstructed by inverting this convolution. The details on the inversion can be found in [11] .
III. NUMERICAL STUDY
The 3D NCAT phantom with a breast model and with a 1 cm breast lesion was used for the numerical study. The contrast of breast, lesion, heart, and liver to the body background was set to 2, 20, 75, and 75 to 2. The voxel size was 1.56 mm.
The simulated slant-hole collimator had a slant angle (J = 30°and a CVOV with a diameter of 12.5 cm. The detector plane was chosen to be a 256 x 256 array with bin size of 1.56 mm. Projection data were simulated at three detector positions. The rotating axes of the collimator at these three positions were 60°apart in a transaxial plane. At each detector position projections were simulated at 90 angular steps. Thus, a set of projection data were formed with view angle step being 1 degree. The attenuation coefficient was chosen to be 0.15 cm-1 .
The central difference operator for the first derivative based on three points was performed for differentiation. The direction of the differentiation was along vector 5 as in Fig.  2 , which is equivalent to the tangential direction of the trajectory of projecting directions. In the backprojection, the activity at each point in the image space was calculated by adding the differentiated data for all the views. For simplicity differentiated projections at the nearest detector bins were used. Then a ID processing of the DBP data was performed within the CVOV along the y-axis. Figure 4 displays the reconstructed image with attenuation correction. Three slices passing through the center of the lesion are shown. Same gray scale is used for both true images and reconstructed images using the presented algorithm. Figures  in 4(d) show profiles along lines indicated in Fig. 4(a) . The profiles of the reconstructed image match those of the phantom, except for the end portions of the vertical profiles, where the truncation artifacts are severe.
To study the truncation effect, the NCAT phantom with the right breast attached is shown in Fig. 5(a) . With the aforementioned data acquisition system set up, the ID filtration on the DBP is performed along parallel lines. The finite Hilbert transform requires the original function to be defined in a finite region and vanish outside the region. Hence, if the intersection of the filtration lines with the patient hody falls within the CVOV, the breast activity can be exactly reconstructed, even when emissions from the heart and the liver also contribute to the measured data. The hexagon in Fig. 5(a) indicates the CVOV and the region within the hexagon and above the dashed line can be exactly reconstructed with the current system configuration. This also explains the mismatch at the end of the vertical profile in Fig. 4(d) . Simulation results show that with the presented algorithm the breast activity in some region can be restored accurately. It is not the case if a traditional backprojection filtering (BPF) algorithm is applied.
We designed the filter according to IIJ and showed the result in the last column of Figs. 4(a) , 4(b), 4(c). Severe artifacts can be observed in these reconstructed images using the BPF algorithm. uniform attenuation. For a well defined region of the breast the method suppresses the effects of truncation due to the small CVOV of the RMSSH collimator. The results from using the method are superior to those obtained with a conventional BPF algorithm, which is not capable of reconstructing the image from truncated projections. Furthermore, the implementation of the conventional BPF method requires a three-dimensional filtration, while in the proposed method only aID derivative and aID de-convolution are required.
This work extends our previous analytical work [11] 
111111
(a) Transaxial direction.
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IV. CONCLUSION
The RMSSH SPECT system is applicable in breast, brain, and heart imaging. The DBH method applied to uniformly attenuated SPECT projection data as previously presented [11] can be used in the reconstruction of RMSSH SPECT data with With the effect of attenuation, the simulation is more vulnerable to implementation errors. For instance, the nonattenuated projections from view angles with step being 3 degrees could he sufficient for a good reconstruction. While with the attenuation, finer angular sampling is preferred. Also in order for quantitative accuracy, especially when the lesion is small, a dense grid is needed for backprojection.
